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Abstract. Over the past 40 years, observational surveys have established the exis- 
tence of a tight relationship between a star's age, rotation period, and magnetic activity. 
The age-rotation-activity relation is essential for understanding the interplay between, 
and evolution of, a star's angular momentum content and magnetic dynamo. It also pro- 
vides a valuable age estimator for isolated field stars. While the age-rotation-activity 
relation has been studied extensively in clusters younger than 500 Myr, its subsequent 
evolution is less constrained. Empirically measured rotation periods are scarce at inter- 
mediate ages (i.e., Hyades or older), complicating attempts to test reports of a break in 
the age-activity relation near 1 Gyr (e.g.. Pace & Pa squinill2004t IGiardino et al.l l2008). 

Using the Palomar Transient Factory (PTF), we have begun a survey of stellar 
rotation to map out the late-stage evolution of the age-rotation-activity relation: the 
Columbia/Cornell/Caltech PTF (CCCP) survey of open clusters. The first CCCP tar- 
get is the nearby ~600 Myr Hyades-analog Praesepe; we have constructed PTF light 
curves containing >150 measurements spanning more than three months for ~650 clus- 
ter members. We measure rotation periods for 40 K & M cluster members, filling the 
gap between the pe riods previously reported for solar-type Hyads (iRadick et al.ll 19871; 
Prosser et al.l 1995b and for a handful of low-mass Praesepe members (IScholz & Eisloffell 



2007ir 

Our measurements indicate that Praesepe's period-color relation undergoes at tran- 
sition at a characteristic spectral type of ~M1 — from a well-defined singular relation 
at higher mass, to a more scattered distribution of both fast and slow-rotators at lower 
masses. The location of this transition is broadly consistent with expectations based on 
observations of younger clusters and the assumption that stellar-spin down is the dom- 
inant mechanism influencing angular momentum evolution at ~600 Myr Combining 
these data with archival X-ray observations and Ha measurements provides a portrait 
of the ~600 Myr age-rotation-activity relation (see contribution by Lemonias et al. in 
these proceedings). In addition to presenting the results of our photometric monitoring 
of Praesepe, we summarize the status and future of the CCCP survey. 
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1. Introduction 



In his seminal 1972 paper, Andrew Skumanich showed that stellar rotation decreases 
over time such that Vrot °^ ? — as does Call emission, a measure of chromo- 
spheric activity and proxy for magnetic field strength. This relationship between age, 
rotation, and activity has been a cornerstone of stellar evolution work over the past 
40 years, and has generated almost as many questions as applications. For exam- 
ple, angular momentum l oss du e to stellar winds is generally thought to be respon- 
sible for the SkumanichI (1972) law, but the exact dependence of v^r on age is not 
entirely clear, and relies o n the assiimed stellar magnetic field geom etry and degree 



of core-envelope coupling (iKawaleii 119881 : iKrishnamurthi et al.l 119971) . Furthermore, 



later-type, fully con yective stars appe ar to have longer active lifetimes than their early- 
type brethren (e.g.. IWest et all 12008 ). indicating that the lowest mass stars are capa- 
ble of generating significant magnetic fields even in the absence of a standard solar- 
type dynamo ( Browning. ,2008>) . The lack of a comprehensive theoretical understand- 
ing of the age-rotation-activity relation has not prevented the development and use of 
gyrochronology, however, which attempts to d etermine the precise ages of field stars 
based on a presumed age-rotation r e lation (e.g..lBamesl l2007l : lMamajek & Hillenbrand 
120081 : ICoUier" Cameron et al. 1 120091: iBame s 2010), nor of empirical age-activity rela- 
tions, which do not always find activity decay ing with time quite as simply as predicted 
by the Skumanich law (e.g.. lFeigelson et aLll2b04. : .Pace & Pasquinill2004l : lGiampapa et al 



200a) . 



Fully mapping out the dependence of stellar rotation and activity on age requires 

the study of stars ranging in both mass and age. Statistical constraints on the age- 

rotation-activity relation can be derive d via analysis of Galactic field stars (e.g.. lFeigelson et aL 



20041 : ICovev et al.ll2008l : llrwin et al.ll2010l) . but the homogeneous, coeval populations 



in open clusters provide an ideal environment for studying time-dependent stellar prop- 
erties. There are relatively few nearby open clusters, however, and fewer still have the 
high quality optical data needed to characterize their rotations — in part because of the 
sheer difficulty involved in systematically monitoring a large number of stars over sev- 
eral months or more. As a result, our current view of the age-rotation-activity relation 
depends on observations of handfuls of stars in the field and in a small nu mber of well 
studied cluster s 
ll987l : IJoneset 



s ('with the Hyades being a particularly key cluster, e.g.. iRadick et al. 
auS 



1996: Stauff er et al. 1997: Terndrup et al. 2000). 



The advent of time-domain surveys, with their emphasis on wide-field, automated, 
high-cadence observing, makes it po ssible t o monitor s tellar rotation in clusters on an 
entirely new scale (e.g.. llrwin et al.ll2007i : .Meibom et al..2009, : .Hartman et al. 2010) . 
Many ongoing time-domain surveys are primarily designed to identify transiting exo- 
planets, however, and thus aim to cover the widest area possible to a relatively modest 
depth. Deep targeted surveys of open clusters are therefore still required to measure 
rotation periods, particularly for the lowest mass stars in older, more distant open clus- 
ters. The Palomar Transient Factory provides deep, multi-epoch photometry over a 
wide field-of-view, and our Columbia/Cornell/Caltech PTF survey is leveraging this ca- 
pability to map Vratit) in open clusters of different ages. Our first CCCP target, Praesepe 
(the Beehive Cluster, M44, 08M0'"24" -i- 19°41'), is a nearby (-170 pc), intermediate- 
age (~600 Myr), and rich (its membership has recently been expanded to ~1200 stars; 
iKraus & Hillenbrandl ) open cluster that shares many characteristics with the Hyades. 

Here we report the stellar rotation periods for Praesepe members derived from our 
first season of PTF observations. Our campaign produced ~200 distinct observations 
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of four overlapping fields covering a 3.75 x 3.30 deg area d esigned to include a large 
number of Praesepe members identified by lKraus & Hillenb rand. In Section |2] we de- 
scribe our PTF observations. We discuss our period-finding algorithm in Section [3] and 
our results in Section |4] Finally, in Section |5] we outline the current status and future of 
the CCCP survey. 



2. Observations 

PTF is a transient detection system comprised of a wide-field survey camera mounted 
on the automated Samuel Oschin 48 inch telescope at Palomar Observatory, CA (known 
as the P48), an automated real time data reduction pipeline, a dedicated photometric 
follow-up t elescope (the Pa l omar 60 inch), and an archive of all detected sources (for 
details, see Law et al. 120091 : iRau et all I2009h . The survey camera has 101 megapixels. 



1" sampling and a 8.1 deg^ field-of-view covered by an array of 12 CCD chips, one of 
which is now inoperative. Currently, observations are performed in one of two filters: 
SDSS-g or Mould-/?. Under the median 1.1" seeing conditions the camera produces 
2.0" FWHM images and reaches 5cr limiting AB magnitudes of nig ~ 21.3 and /mr w 
20.6 mag in its standard 60 s exposures. 

Praesepe was monitored by PTF for 3.5 months in early 2010, beginning on 2010 
Feb 2 and ending on 2010 May 19. Our observing cadence was sensitive to P,.ot from 
a few to a few hundre d hours, coverin g the range occupied by the few cluster members 
with known periods (IScholz & Eislof Fel 2007). PTF monitored Praesepe by imaging 
four overlapping 3.5 x 2.31 deg fields, which together cover ~18 deg^ in the cluster's 
center. The extent of the CCCP footprint is shown in Fig. 1; >80,000 individual objects 
were detected in our observations. 




Figure 1. SDSS image of the Praesepe open cluster. The ~18 deg^ monitored by 
the CCCP survey is shown by the blue dashed rectangle; the Moon is shown to scale 
in the lower left corner of the image. 
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In developing their cluster catalog, iKraus & Hillenbrand combined archival data 
from multiple surveys to calculate proper motions and photometry for several million 
sources within 7 deg of Praesepe's center. Their census covers a larger area of sky and is 
deeper than any previous proper motion study, and extends to near the stellar/sub- stellar 
boundary. The resulting catalog includes 1169 candidate members with membership 
probability >50% (hereafter referred t o as the P50 stars); 44 2 are identified as high- 
probability candidates for the first time. iKraus & Hillenbrandl estimate that their survey 
is >90% complete across a wide range of spectral types, from FO to M5. 

Of the 1169 P50 members in the Kraus & Hillenbrand catalog, 923, or close to 
80%, lie within the CCCP footprint. Of these, 661 are fainter than the PTF saturation 
limit (~14 mag): PTF detected 534 (or 81%) of these candidate members, with the 
rest falling within chip gaps or on the dead chip. iKraus & Hillenbra nd provide spectral 
types for Praesepe stars based on spectral energy distribution fitting; the PTF-detected 
members are late K through early M stars, which is as expected given the distance to 
Praesepe and the PTF exposure time. Aperture photometry w as measured for eac h can- 
didate member at each epoch using the SExtractor software dBertin & Amouts| [l996). 
Positional matching was then used to merge detections across epochs, producing a sin- 
gle light curve for sources. The photometric zeropoints were adjusted on a per chip 
basis to minimize the median photometric variability of the detected sources. For more 
information on this reduction process, see Law et al. 2010 elsewhere in these proceed- 
ings 



3. Period Measurements 

We use a modified version of the Lomb-Scargle algorithm to search our light curves 
for periodic signals due to rotation. The properties of each star's light curve defined 
the range of frequenc ies that were searched for periodic signals: we followed Eq. 1 1 of 



Frescura et al.l (120081) in calculating the frequency grid from the number of individual 
measurements obtained for each star, as well as the total duration of the light curve. We 
oversampled this grid by a factor of five to ensure maximum sensitivity to any periodic 
behavior sampled by our monitoring. Potential beat frequencies between the primary 
periodogram peak and a possible one-day alias, typical for ground-based, nightly ob- 
serving campaigns, were flagged following Eq. 1 of M essina et al. ( 2010 ). 

To test the significance of the periods identified by our modified Lomb-Scargle 
algorithm, we performed a Monte Carlo analysis of our light curves (for a similar anal- 
ysis, see .Sturrock & Scargle 2010) . Having measured potential rotation periods for all 
cluster members detected by PTF, we then conducted an identical analysis on each light 
curve after randomly scrambling the magnitudes measured at each epoch. Repeating 
this test 100 times on each scrambled light curve, we were able to identify the maximum 
measured periodogram peak as the power threshold corresponding to a < 1 % false alarm 
probability (FAP) in the absence of ordered variations. This analysis established that, 
across our entire sample, a periodogram peak with power >25 corresponded to a FAP 
<1%; indeed, for only three of the 534 stars analyzed here did the 1% FAP correspond 
to a periodogram power threshold >20. 

Adopting a conservative power threshold of 30 to select potentially periodic clus- 
ter members, we then visually inspected the output of our search for each candidate. 
Periodograms were checked to confirm the presence of a single narrow peak, well sep- 
arated from the underlying background power; further scrutiny established that the pe- 
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riodic behavior was visible and stable across the full light curve, well sampled in phase, 
and of an amplitude at least comparable to the observational noise. Representative 
periodograms and phased light curves for the resulting high-confidence detections are 
shown in Fig. 2. 





Freqi 



Tested (days ') 



Best t'eriod = 19.62 days 



Phase of Best Period Found 



Figure 2. Example periodograms (left panels) and phased light curves (right pan- 
els) for two P50 Praesepe stars with high-confidence rotation period measurements. 
A fast and slow rotator are shown in the top and bottom panels, respectively. 



4. Results 

The analysis described above produces high-confidence measurements of rotation pe- 
riods ranging from 0.45 to 35.85 days for a total of 40 stars. The CCCP data clearly 
indicate the presence of both fast and slow rotators in Praesepe; examples of a fast 
and slow rotator are shown in Fig. [3l and the location of the full sample in color/period 
space is shown in FiglH along with additional stars from comparably aged clusters (i.e., 
Hyades & Coma Ber). These observations, along with complementary measurements 
of low-mass Hyades members (see contribution by Delorme et al. elsewhere in this pro- 
ceedings), establish that the ~600 Myr period-color relation is single- valued for colors 
blueward of r-K^ ~ 3 and J-K< ~ 0.825, corresp o nding to a spectral ty pe of ~M1 
and a mass of M ~ 0.6 Mq (lBochanskietal.ll2007l : |& aus & Hillenbrand) . Redwarc 



of this color, however, the distribution of stars in color-period space is scattered, with 
populations of both fast and slow rotators. 

The morphology of the color-period relation we measure in Praesepe is broadly 
consistent with observations of somewhat younger clusters, assuming that stellar spin- 
down is the dominant mechanism governing the stellar angular momentum at these 
ages. The color-period relation observed in the slightl y younger M37, f or example, 
departs from a single- valued relation at M - 0.8 Mq (Hartman et al.ll2009l) . suggesting 



that stars with 0.8 Mq < M < 0.6 M© possess spin-down timescales of -500-650 Myr. 
To go beyond this crude comparison, we are currently analyzing the color-period rela- 
tion we measu re in Praesepe in hght of the gyrochronology relations presented in the 



tion we measu re m rraesepe in tignt oi tne gyrocnronotogy 
literature (e.g.. lMamajek & Hillenbrandl 120081 : lBarnesll201cl) . 
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This spin-down timescale also agrees well with the ~600 Myr magnetic activity 
lifetime predicted for ~M1 stars based on statistical analyses of low-mass stars in the 
Galactic field ( West et al . 2008). We are currently conducting a comprehensive census 
of magnetic activity in Praesepe to test directly the equivalence of the activity lifetime 
and spin-down timescale. For more on our activity analysis, see the presentation by 
Lemonias et al. elsewhere in these proceedings. 
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Figure 3. Color-period relations for stars in moderately old (t~600 Myr) open 
clusters. Stellar periods are plotted as a function of SDSS r - 2MASS K, color (left 
panel) and 2MASS J-K, color (right panel). All stars possess native 2MASS J-K, 
colors. r-Kj colors were constructed for Praesepe stars from native SDSS r and 
2MASS Kj magnitudes. For Hyades stars, r-Kj colors were dete rmined using syn- 
thetic r magnitudes calculated from observ ed B an d V magnitudes ('Joner e t al.l2006h 
and the r(B,V) transformation defined by iJester'et al. (2005). For Coma Ber stars, 
synthetic r-K, colors were estimated from observe d J-K, colors using the median 
SDSS-2MASS stellar locus defined bv lCovev et al] ( |2007|) . 



5. Current Status & Future Plans 

We recently began our second season of observations of Praesepe. Our observing strat- 
egy has changed somewhat, and the CCCP footprint now features less overlap and cov- 
ers a total area of ~40 deg^. In parallel to this continued photometric monitoring, we 
are conducting a spectroscopi c campaign to confirrt i the membership and measure the 
chromospheric activity of the Kraus & Hillenbrand' P50 stars. Our observations with 
the 2.4-m Hiltner Telescope at the MDM Observatory and using the Hydra multi-object 
spectrograph on the WIYN 3.5-m telescope, both on Kitt Peak, AZ, will enable us to 
confirm our targets as members based on their radial velocities, and to obtain Ho- line 
measurements to diagnose their levels of chromospheric activity. Moreover, we have 
proposed to obtain new X-ray imaging of Praesepe to expand the sample of cluster 
members with measured coronal activity, and to establish once and for all if Praesepe 's 
X-ray luminosity function can be reconciled with that of the Hyades (see additional 
discussion in Lemonias et al., this volume). 

Our next CCCP target, NGC 752, is a -1.1 Gyr cluster at a distance of 450 pc, 
and is the best studied, closest old cluster to the Sun. Stellar rotation at this age is 
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generally not well constrained, and no rotation periods that we know of exist for NGC 
752 members. The CCCP footprint for this cluster is comprised of two overlapping 
PTF fields such that the cluster core (which is roughly 0.5 deg across) is contained 
almost entirely on one chip in each field. Our observations began on 2010 Aug 22, and 
to date we have >300 individual observations of each field, so that the cluster core has 
been visited >600 times. As the NGC 752 low-mass population is poorly defined, we 
are also beginning a spectroscopic campaign on this cluster this winter to determine the 
membership and activity level of candidate low-mass members in the cluster field. 
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